Objective: To assess, using a mathematical simulation model, the participation of each coordinate involved in the formation of cephalometric angles and to determine the extent to which errors in the identification of cephalometric landmarks can, individually and collectively, influence the measurement of these angles.
Introduction
Cephalometric analysis is largely used for diagnosis, planning and follow up in orthodontic, facial orthopaedic or surgicalorthognathic treatments. In spite of oral and maxillofacial area is moving towards 3D-images, bidimensional cephalograms are still in use and, because it is an established method, have reproducibility with the three-dimensional analysis and, especially by the lower radiation dose received by patients, are recommended if the patient has no need for a tomographic examination (OZ et al., 2011; LIEDKE et al., 2012) . Therefore, the accurate recording, correct interpretation of this analysis and understanding of its limitations are essential for the achievement of its objectives (CHEN et al., 2000; KAMOEN et al., 2001) .
Regardless of the kind of 2D-image acquisition and processing, the identification of landmarks is performed manually (CHEN et al., 2004; GREINER et al., 2007; KUMAR et al., 2008; YU et al., 2008; LIEDKE et al., 2012) . Because of the subjective nature of this process, it is generally recognised that the occurrence of errors is an aspect that must always be taken into account (KAMOEN et al., 2001; DA SILVEIRA; SILVEIRA, 2006) . Moreover, reports confirm that the variability of landmark identification follows characteristic patterns and is directly associated with measurement inaccuracies, which vary independently from the chosen imaging method (CHEN et al., 2004; ARPONEN et al., 2008; YU et al., 2008; DELAMARE et al., 2010) .
Measurement errors derived from inaccurate landmark identification are an expectable limitation of cephalometric analysis. However, the extents of these errors and its repercussions with respect to angular measurements have not been fully explored in the literature. Therefore, the objective of this study was to assess, through a mathematical simulation model, the participation of each coordinate involved in the formation of cephalometric angles and to determine the extent to which errors in the identification of cephalometric landmarks can, individually and collectively, influence the measurement of these angles.
Materials and Methods
This research was approved by the Institutional Review Board of the Federal University of Rio Grande do Sul, Brazil. Cephalometric radiograph and CBCT (cone beam computed tomography) synthetized cephalogram were randomly selected from 10 subjects who presented for orthodontic treatment at the Faculty of Dentistry and needed those exams. All the patients or their guardians signed an informed consent form.
Cephalometric radiographs were taken with a Cranex Tome (Soredex, Milwaukee, WI, USA), operating with 70 kV, 10 mA and 0.6 s and were scanned into JPEG digital format using an Astra 2400S scanner (UMAX, Dallas, TX, USA) with 300 dpi resolution. The CBCT images were obtained from an i-CAT scanner (Imaging Sciences International, Hatfield, PA, USA) operating with 129 kVp, 4.7 mA, 40 s and 0.25 voxel resolution. Using i-Cat Vision software, the skull was oriented with midsagittal plane perpendicular and Frankfurt plane parallel to the ground, simulating the cephalostat position; then, two synthetized cephalograms were constructed: one with the whole skull volume and one with half skull volume. Thus, the study comprised a sample of 30 images: 10 cephalometric radiographs and 20 CBCT synthetized cephalograms.
Five calibrated dentists performed the cephalometric analysis using Radiocef software (RadioMemory, Belo Horizonte, MG, Brazil). Theirs standard deviation and a reference value for the X-and Y-coordinates of each landmark used in this study (Table 1) were saved (Table 2) . Therefore, the estimated error adopted corresponds to a reliable reproduction of values that can be expected from a population of experienced observers who analyse cephalograms generated from CBCT images or conventional radiographs.
Using the Monte Carlo method, the reference values of each landmark generated 1000 new simulated coordinates for each landmark. Subsequently, the simulated landmarks produced angular measurements (Table 1) , which were calculated using the Microsoft Excel 2007 arctangent (ATAN) function. Then, the observation errors for all the landmark coordinates involved in the calculation of each angle were deliberately modified (within values ranging from 0.2 to 2.0 mm) and the corresponding simulated angle measurement was recorded. This observation error range was adopted in order to reproduce the performance of a group consisting of highly and poorly reproducible observers. From the results of this experiment, it was possible to estimate a geometric impact coefficient for each landmark coordinate, representing the extent to which this coordinate affects the angle (Table 3) .
The equations designed to estimate the standard measurement errors due to landmark identification errors were based on multiple linear regression models and are presented below. Essentially, the geometric impact coefficient of each coordinate is multiplied by the square of its standard error (E). The result is the standard measurement error of the angle. Results Table 3 presents the coordinates that are most involved in the angle formation and the impact that each one has on the measurement. It was observed that the influence of a coordinate on the measured value of the angle depends on its geometric impact coefficient and standard error. In the case of the SNB angle, the Ny coordinate had the most impact on the value of the angle because its geometric impact coefficient (0.86) and standard error (0.73) were both high. In the case of the PPL angle, although the ANSy coordinate had the greatest geometric impact coefficient (1.56), its standard error was low (0.30); in contrast, the standard error of the Poy coordinate was high (1.08), making it the most influential coordinate in the final determination of this angle. A similar logic can be applied to the other angles and coordinates.
The standard measurement errors observed for the angles SNA, SNB, ANB, FMA, PPL, DFC, and AEF were 1.2, 0.9, 0.8, 1.6, 1.5, 1.5, and 1.4, respectively (Table 3) .
The other coordinates used to obtain the angles concerned had very little influence on the angle formation, as demonstrated by linear regression, even when a standard error was observed in their identification. Hence, they are not listed in Table 3 . 
Discussion
The incorrect identification of anatomical points on the cephalogram is one of the most common causes of error on a cephalometric analysis, even when calibrated observers perform the landmark identification (STABRUN; DANIELSEN, 1982; TNG et al., 1994; KAMOEN et al., 2001; DA SILVEIRA; SILVEIRA, 2006) . Considering this inherent presence of error, the present study aimed to mathematically evaluate the behaviour of seven cephalometric angles in order to identify the coordinates most closely related to their formation and the impact that an error would have on the final result of the angle. The Monte Carlo method was used to simulate the identification of landmarks. This allowed to assess the performance of a large number of observers and enabled further evaluation of the impact of each coordinate on the formation of the angles by linear regression.
If all cephalometric landmarks were equally difficult to identify, the error in the measurement of an angle would be related solely to its geometric configuration. Thus, the coordinate with the highest geometric impact coefficient would have the greatest contribution to the error for a given angle. However, from Table 3 , it can be seen that the coordinate with the highest geometric impact coefficient in relation to angle formation is not necessarily the one that causes the greatest change in the angle in the case of erroneous marking. The variation also depends on the standard error for each landmark. Certain landmarks and coordinates are much more difficult to identify. In order to take this into account, the simulation model considered the standard error, which represents the difficulty of determining each coordinate for each landmark. The standard error adopted is in agreement with the findings reported in the literature (BAUMRIND; FRANTZ, 1971; TNG et al., 1994; HAGG et al., 1998; KAMOEN et al., 2001) . Therefore, if the geometric impact coefficient is high, but the standard error is low, the change in the angle may not be as significant as the change that is caused by a landmark with a high standard error (e.g., the PPL angle case).
While analysing the pattern of identification of certain cephalometric landmarks, some authors noted a greater variability in the identification of the coordinates By, ANSx e Ptmy (KAMOEN et al., 2001) . In this study, these same landmarks were found to have high standard errors, indicating a higher degree of difficulty in their identification. However, the linear regression results indicated that these coordinates had only a low or negligible influence on the formation of the angles SNB, PPL, and AEF, respectively. It can be explained by the fact that the inclusion of the coordinates forming each angle depends strongly on the geometric configuration of the angle.
The standard measurement errors calculated from the equations, and presented in Table 3 , indicate the average degree of expected error for each angle when expert observers perform a cephalometric analysis. These calculations took into account the geometric impact coefficient and the standard error of the coordinates involved in the formation of the angles. It is verified that, with the exception of the angles SNB and ANB, the standard measurement errors were greater than one degree. Thus, the dentist needs to be aware of the possibility of the presence of errors in the results of angular measurements as well as the maximum possible magnitude of these errors. This fact should be considered when interpreting the results, since depending on the cephalometric factor analysed, a difference of one degree may represent a change in the diagnosis and/or treatment plan for a particular patient. Kamoen et al. (2001) have proposed a calculation for the measurement errors in cephalometric factors on the basis of the variability of the results of cephalometric measurements found in two instances of landmark identification. However, the authors did not consider the geometric configuration of the angles and, therefore, the cephalometric points could have had different impacts on their formation. In this study, it was observed that the same variation in different coordinates of different landmarks has a distinct impact on each cephalometric angle.
There are many reports in the literature describing the point where the error occurs in the identification of landmarks during a cephalometric analysis. However, it has not been clearly determined to what extent an error in marking a cephalometric landmark influences the formation of each angle. This study examined the relationship between the geometry of each angle and the standard error of the landmarks coordinates involved in the angle formation. The results show clearly and in detail which X and Y coordinates are the most sensitive to error from the viewpoint of having a significant impact on the measurement of the respective angle. Recognizing the importance and exact consequences of these levels of variability over cephalometric angles is essential. This will lead to a better interpretation of results, as the resultant estimations of value ranges can account for landmark complexity, and consequently, be more reliable. These findings might also assist professionals and professors engaged in teaching by demonstrating precisely which landmarks and corresponding axes are most likely to cause errors during cephalometric analyses.
Conclusion
The standard measurement error of the angle is dependent on the geometric impact coefficient and standard error of the coordinates that are involved in the formation of the angle, and the geometric impact coefficient varies according to the angle analysed. Thus, it is recommended that all cephalometric studies, scientific or clinical, that perform cephalometric comparisons must take into consideration not only the calibration of the examiner but also the impact that different landmarks have on the cephalometric factor analysed.
